. AD-R165 216 OPTICAL ABSORPTION CHRRRCTERISTICS OF RAEROSOLS(U) 1/1
GEORGIA INST OF TECH ATLANTA SCHOOL OF GEOPHYSICAL
SCIENCES E M PATTERSON 11 SEP 85 AFGL-TR- 85 0234

UNCLASSIFIED F19628-82-K-8821

NL




T P T T T T T U R O T U T POV T T YTy

I|"| l.o :EL%E: M2§5=
=t
Koo
TR A,, 1

I

i
2 [l s

N

il

Il

MICROCOPY RESOLUTION TEST CHART
NATIONAL BUREAU OF STANDARDS-[963-A

|
;
i

e
’1‘.!\,.‘- C ot N RN et
;.Fl.h A .’\) -~ .‘A\Q \.':-'r'\. \\\\' ‘ \‘_ 'm :{: . l ("\" ; Ny




v";;;E:fa<::)ifzg;;:f;.:-fl‘
AD-A165 216

¢ [
P L e

A

'x .
NN
A T

4.

A
e

OTIC FILE COPY

BADA
.

"lll l.l .
RS .

-‘- . .'I

1 Q
4

s

P
™y
T
l.).:‘l,!

" ¥

i PP P L

o¥

3
Yy

AFGL~-TR-85-0204

OPTICAL ABSORPTION CHARACTERISTICS OF AEROSOLS

E. M. Patterson

Georgia Institute of Technology
School of Geophysical Sciences
Atlanta, GA 30332

11 September 1985

Final Report
26 January 1982-30 June 1985

APPROVED FOR PUBLIC RELEASE; DISTRIBUTION UNLIMITED

AIR FORCE GEOPHYSICS LABORATORY

AIR FORCE SYSTEM COMMAND

UNITED STATES AIR FORCE

HANSCOM AIR FORCE BASE, MASSACHUSETTS 01731




- o aitt —gh = Maenl M USSRt de S NS < iadl “S i st - MerC RIS it A i )

This technical report has been reviewed and is approved for publication.

/’\"C(KQV)L E l/(?{\ N /EKM

FREDERIC E. VOLZ ROBERT W. FENN
Contract Manager Branch Chief

FOR THE COMMANDER

Yoo, e

OHN S. GAR
ivision Di ctor

This report has been reviewed by the ESD Public Affairs Office (PA) and is
releasable to the National Technical Information Service (NTIS).

Qualified requestors may obtain additional copies from the Defense Technical
Information Center. All others should apply to the National Technical
Information Service.

If your address has changed, or if you wish to be removed from the mailing
list, or if the addressee 1is no longer employed by your organization, please
notify AFGL/DAA, Hanscom AFB, MA 01731. This will assist us in maintaining
a current mailing list.




SECURITY CLASSIFICATION OF THIS PAGE

REPORT DOCUMENTATION PAGE

1s. REPORT SECURITY CLASSIFICATION 1b. RESTRICTIVE MARKINGS
Unclassified
28. SECURITY CLASSIFICATION AUTHORITY 3. DISTRIBUTION/AVAILABILITY OF REPORT
Approval of public release;
« K 2v. DECLASSIFICATION/DOWNGRADING SCHEDULE distribution unlimited
4. PERFORMING ORGANIZATION AREPORT NUMBER(S) 5. MONITORING ORGANIZATION REPORT NUMBER(S)
* AFGL-TR-85-0204
6a. NAME OF PERFORMING ORGANIZATION b. OFFICE SYMBOL |7a. NAME OF MONITORING ORGANIZATION
(1f applicable)
Georgia Inst. of Tech. Air Force Geophysics Laboratory
6c. ADDRESS (City, State and ZIP Code) 7b. ADDRESS (City, State and ZIP Code)
School of Geophysical Sciences Hanscom AFB
Atlanta, GA 30332 Massachusetts 01731
8a. NAME OF FUNDING/SPONSORING 8b. OFFICE SYMBOL |9. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER
ORGANIZATION (1f applicable)
Air Force Geophysics Lab. OPA F19628-82-K-0021
8c. ADDRESS (City, State and ZIP Code) : 10. SOURCE OF FUNDING NOS.
PROGRAM PROJECT TASK WORK UNIT
Hanscom AFB, MA 01731 ELEMENT NO. NO. NO. NO
11. TITLE (Include Security Classification) Uptical Absorption
Characteristics of Aerosols 62101F 2310 Gl AV
12. PERSONAL AUTHOR(S)
E. M. Patterson
13a. TYPE OF REPORT 13b. TIME COVERED 14. DATE OF REPORT (Yr., . lo., Day) 15. PAGE COUNT
Final FAoM 26Jan82 To 30Jun85 11 September 1985 36

16. SUPPLEMENTARY NOTATION

17. COSAT!I CODES 1B. SUBJECT TERMS (Continue on reverse if necessary and identify by block number)
FIELD GROUP SUB. GR. ~} Diffuse Transmittance, Diffuse Reflectance, Soot Aerosol,
Absorption; Refractive Index, Mars Ink, Nigrosine Dye,
L Aerosol, Bulk Absorption, Kubelkq_-éMunk Theory « a=——

19. ABSTRACT (Continue on reverse if necessary and identify by block number)

"> The absorption of well documented, highly absorbing submicron aerosols has been
measured by means of diffuse reflectance and diffuse transmission techrigues. The intent
of these measurements was to compare the different techniques and to provide calibration
of these absorption measurements in terms of aqueous transmission measurements. k

el

These measurements indicate that there is a consistencv among the absorption techniques
that the differences between absorption in an aqueous and in an air suspension need to be
considered in calibrations of absorption techniques, and that the diffuse transmission
and diffuse reflectance measurements using the dilution technique appear to yield consis-
tent results.

N
PN

S FED

E 20. DISTRIBUTION/AVAILABILITY OF ABSTRACT 21 ABSTRACT SECURITY CLASSIFICATION

v uncrassipieo/unumiTeo (R same as rer. (J oric users O Unclassified

t. 22s. NAME OF RESPONSIBLE INDIVIDUAL 22b. TELEPHONE NUMBER 22c. OFFICE SYMBOL

o F E. Volz (Include Area Code)

o) T | 617-861-3666 AFGL/OPA

. h ——
n DD FORM 1473, 83 APR EDITION OF 1 JAN 7315 OBSOLETE. UNCLASSIFIED

" SFOIIRITY 1 ASKIFICATION AR TS PATT




W N RN W T P T W P W ey

RARARE A AL AL ALE S YO 218 o B S a o g o ) "ot EEEEE

TABLE OF CONTENTS

INTRODUCTION 1

) ABSORPTION PARAMETERS 4
. EXPERIMENTAL METHODS 9
Materials Studied 9

Aerosol Generation 10

Absorption Measurements 11

ABSORPTION RESULTS AND COMPARISONS 15

Absorption of a Carbon Black Suspension (Mars Ink) 16

Nigrosine Dye Measurements 19

Flo-Master Ink Measurements 20

Additional Comparisons 22

SUMMARY AND CONCLUSIONS 23

REFERENCES 26

———
Accession For "_._4
NTIS GRAAT g '\
pTIC T3
Unsros 0

>

R PG

[w)
fve
ow
cr
r
X

.. "i‘fl
lfiu .
————

iit

LT TPRINS S A A,

AR e T R L R T T T AT A et T e
R SN L AR A Y AV SR Y N AT AN NN
LA fe et e o hm.hmuy_ ReteR u‘:\" ﬁs;, R .‘;-..k. \_.L.i\.\'.\': .'A. o T NN




e Y
s R T R T R T VA T T T IR T Y fndia sl AL Sallonal oty tal ot ate gl 308 o

. INTRODUCTION

The absorption of visible and near visible radiation by the
atmospheric aerosol is often a significant component of the aerosol
radiative effects. This absorption is important because of its di-
rect effect on visibility reduction and on radiative transfer in the
atmosphere (see e.g. Groblicki et al, 1984), as well as its possible
effect on radiative transfer in optically thick cloud layers (Pat-
terson et al, 1984). The possible climatic effects of the aerosol,
for example, will be determined in large part by the ratio of ab-
sorption to scattering in the aerosol. In addition, the interpreta-
tion of remotely sensed data and the proper corsideration of atmo-
spheric effects on this data requires knowledge of the absorption
properties as well as the scattering properties of the aerosol.

The aerosol absorption can have a very wide range of varia-
tion., Expressed as a percentage of the total light extinction by an

aerosol, the absorption at visible wavelengths can range from much

less than 1 % of the extinction in a white, low absorption material
1 such as ammonium sulfate or ammonium nitrate to more than 90% of the
total extinction in highly absorbing soots and smoke emissions. The

wide range of the measured absorplion under different ambient condi-

tions was shown by Gerber (1981).

For highly absorbing materials, in particular, an accurate
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assessment of the aerosol radiative effects requires accurate deter-
minations of the aerosol absorption. There appear, however, to be
some significant systematic differences in the results obtained us-
ing different experimental techniques. These differences were shown
in a recent set of absorption measurement intercomparisons discussed
by Gerber and Hindman (1981). There was a range of roughly a factor
of two among the various absorption measurements for both a soot
aerosol and a methylene blue aerosol measured in the intercompar-
ison.

While these intercomparisons provided valuable insights 1into
the limitations of the different absorption measurement methodolo-
gies, no attempt was made in that study to choose any one of the
methodologies as a standard against which the others could be
Judged. There was also no attempt to make calibration measurements
with aerosols whose absorption was determined independently of the
intercomparison. And, in general, there have been relatively few
calibrations for the <commonly used absorption techniques using
materials for which the bulk optical constants are known indepen-
dently.

We have made a series of absorption measurements of labora-
tory aerosols that are an extension of the work presented in Gerber
and Hindman. The goal of the measurements discussed here was two-
fold: first, to make further comparisons of several methodologies
for measuring aerosol absorption and second, to go beyond a simple

comparison of methods by providing a calibration for the measured
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aerosol absorption in terms of standard, well determined measure-
ments. The experimental procedures included lahoratory generation

“ of aerosols from several different materials, measurement of aerosol
absorption by two diffuse reflectance techniques and one diffuse
transmission technique, and measurement of the absorption of an
aqueous suspension or solution of each material. The measurements
emphasized a study of an aqueous suspension of carbon black /Mars
ink) as a reproducible analog of the soot which is believed to be
responsible for much tropospheric absorption. As a stable suspen-
sion with well defined and documented physical properties it is well
suited for our characterization measurements.

Variations 1in the individual techniques were investigated; 1n i
addition, absorption measurement comparisons were made for other
aerosols that were not as suitable for suc’: extended laboratory
studies.

In this report, several comparisons of results of different
methods of measuring absorption for a variety of materials are pre-
sented; and some of the limitations of the different methods are
discussed. The measured aerosol absorption is discussed in relation
to the absorption of an aqueous suspension which provides a calibra-
tion for the aerosol measurements. The Mars ink results are dis-

cussed in considerable detail.
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ABSORPTION PARAMETERS

The results of aerosol absorption measurements can be reported
in terms of absorption parameters that are characteristic of the
aerosol suspension or of the bulk material making up the aerosol.
For a bulk non-scattering material the absorption may be described

1n terms of the Lambert absorption coefficient k, with k defined by

the equation

k = - (1l/x) 1n (I/Io) (1)

with x the path length through the absorbing material, Io the
incident intensity, and I the intensity of the transmitted 1light.

The turbidity & 1is a measure of the total light reduction by the

absorbing material and is given by the equation

& = - ln(I/Io) (2)

§ and k, then, are related by the equation

- (3)

For the usual laboratory transmission spectroscopy measure-
ments, the value of x, the path length through the sample, is not
always a readily measurable quantity. Another absorption parameter,

the specific absorption Ba' may be defined in terms of the directly
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measured § and the ratio M/A, the mass of absorbing material M per
unit area A illuminated by the spectrometer beam. As defined, a de-
termination of Ba does not require a knowledge of the density o of
the absorbing aerosol.

The equation for Ba can be written in terms of these directly

measured quantities as

6 A (4)

Ba is then related to the Lambert absorption coefficient, k by the

equation

Another widely used absorption parameter is the imaginary part
of the complex index of refraction, nz, which is used in Mie calcu-
lations. For a bulk non-scattering material, n: is related to the

specific absorption by the equation

n, = —————— (6)

with X the wavelength of the incident light.

When the absorbing material consists of discrete absorbing and

.
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scattering particles imbedded in a material with a differing refrac-

..
*
)

x®
-y

/

tive index, the above relations must be modified to take the effects

x
&

of scattering into account. The aerosol absorption may be charac-
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terized by a volume absorption coefficient %y which is defined
analogously to the extinction coefficieht % and the scattering co-
efficient o it is defined as the total energy removed by absorp-
tion from the incident beam per unit path length by the aerosol par-

ticles. For the aerosol suspension,

o_ + o = o _. (7)

A specific absorption may be defined for the aerosol in an analogous
fashion to the definitions in Eq (4) and Eq (5) as the ratio of the

volume absorption coefficient to the mass concentration of the aero-

sol, Mv’ according to the equation
[}
a
B = — . (8)
a M
v

The equivalence between the definitions in Eq (4) and Eq (8) may be
seen by considering the mass of aerosol material in a volume that is
defined by a cross sectional area A and a length «x. If both the
numerator and the denominator of Eq (8) are multiplied by the length

X then the numerator can be written as Sa’ the turbidity due to ab-
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sorption; and the denominator is the mass per unit area responsible
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for producing the Sa. It must be remembered, of course, that the
scattering 1is responsible for a significant portion of the extinc-
tion and that Ba is defined in terms of the absorption only. Labor-
atory measurements of aerosol absorption generally involve the col-
lection of aerosol material; and the assumption is made that the
absorption is not changed by the process of collection. Ba for the
aerosol can then be inferred from the laboratory measurements if the
effects of aerosol scatter can be accounted for in an appropriate
manner.

For an aerosol, the relationship between Ba and nz2z depends in
part on the real component of the refractive index, ni1, of the dis-

crete particles relative to that of the surrounding medium; and Egq

(6) must be modified. For an aerosol consisting of particles that

are small relative to the wavelength of the incident light and that
have n1 values between 1.25 and 1.75 and nz values of less than 1,

Hinel and Dlugi (1977) have used the equation

(9)

which is derived from an expression of Penndorf(1962) to approximate
the relation between Ba and n>.
Bohren and Huffman (1983) present a slightly different equa-

tion relating n2 to B8
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n, = { . ] (10)

Both equations have the same range of validity; within their range
ot validity, the two equations differ by = 5%. Both are strictly
applicable only in the Rayleigh (small particle) limit; for somewhat
larger particles, the relationship between nz and Ba is more com-
plex and 1s dependent on particle size as well as refractive index
value. For particles that range in size up to size parameter x = |
{with x defined as the ratio x = 2sr/An, with r the particle radius)
the approximate relationship will be accurate to within about 40%
compared with exact Mie calculations.

An example of the relation between the approximations of
equations {(9) and (10) and the exact Mie calculations, expressed 1in
terms of the absorption efficiency Oa is shown in Fig 1. The solid
line 1s a plot of the absorption efficiency determined by exact Mie
ralculations. The dashed 1line is a plot of the absorption effic-
itency to be expected using Equation (10, assuming the given refrac-
tive itndex. it 1s apparent from the curve that the use of Equation
{(10) to determine a value of nz from the measured Ba will lead to an
overestimation of n: for size parameters near 1. For aerosols in
this size range a more iccurate inference of nz from the Ba data can
be made using the appropriate Mie calculations.

Because Ba depends on n1 as well as on nz, the Ba value mea-
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sured for a highly absorbing particle will depend on the value of ni
relative to the surrounding medium. As Bohren and Huffman (1983)
have discussed, the measured absorption for an aqueous suspension of
small highly absorbing particles will be expected to be greater than
that of an air suspension of the same particles. Comparisons be-
tween measurements of aqueous and air suspensions must take these

differences into account.

EXPERIMENTAL METHODS

Materials Studied

In this study, aerosols were generated using Staedtler Mars
745 black drawing ink, Flo-Master ink, and nigrosine dye. The Mars
ink consists of gas-soot (carbon black) particles with a dispersing
agent 1in an aqueous suspension. The carbonm black particles have an
approximately log-normal size distribution with a mass mean diameter
of about 0.09 and a o for the distribution of 1.6 (Hogan et al,
1985). The Mars ink consists of = 0.22 g of solid material per ml

of ink; the density of the solid material in the ink is = 1.8 g/cm®.

The Flo-Master ink, unlike the Mars ink, consists entirely of

Syt

é; material that is soluble in organic solvents. The nigrosine dye is
§§ a biological stain that is available from Eastman Organic chemicals.
é? - The solid nigrosine dye has a density p of 1.4 g/cm®. The nigrosine
?; dye solution is stable, with stable absorption properties. Its be-
ié ) havior in solution may be referenced against standard absorption
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data determined by the dye manufacturer. These materials were cho-
sen because of their high absorption, the ease of generation of aer-
osols using these materials, and the ability to characterize the
generated aerosol particles. Methylene Blue, the aerosol used in
the earlier absorption 1intercomparison, was not used because our
experience subsequent to the earlier study showed that this material
was not stable and that its optical properties changed with time.

In addition to these laboratory aerosols, absorption measure-
ments were made for volcanic ash aerosols and for smoke emissions

from laboratory fires using diffuse transmission and diffuse reflec-

tance techniques.

Aerosol Generation

The aerosols were generated using an atomizer system in which
humidified compressed air was bubbled through a suspension (or so-
lution) of the ink. The nigrosine dye and the Mars ink were diluted
with water:; for the flowmaster ink, an organic solvent was used for
the dilution. The resulting aerosol was passed though an impaction
system to remove the larger particles before drying. The aerosol
generation system produced relatively large quantities of aerosol
particles with stable size distributions.

Sizes of the generated aerosols were measured from scanning
electron micrographs; size distributions were also measured using a
single particle optical counter. An example of the size distribu-

tion measured for the Flo-Master ink is shown in Fig. 2. The curves
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show data determined from the micrographs as well as data determined
from the optical particle counter. There is rough agreement between
the curves, even though no explicit calibration for the absorbing
aerosol was made. We can see from the curves that the mass of the
aerosol is concentrated in the sizes between 0.1 and 1 pm. The
sizes of the nigrosine particles were slightly smaller than the
sizes of the Flo-Master particles shown in Fig.2. The size distri-
butions for the Flo-Master ink and the nigrosine dye depended on the
operating characteristics of the generation system and on the ini-
tial concentration of the ink. Since the Mars ink consisted of a
suspension of solid particles the size distribution of the aerosol
was more strongly influenced by the original size distribution of

the carbon black particles. At the dilutions used in the aerosol

generation system for this study, however, som- of the generated
particles <contained more than one of the carbon black particles and

there was some agglomeration on the filters.

» v
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Absorption Measurements

- ¥ v
. x

Absorption measurements were made using a diffuse transmission

)

technique and two diffuse reflectance techniques; absorption mea-

o

surements were also made using solution transmission techniques.
The diffuse transmission (DT) method of measuring aerosol ab-
sorption, which has been described by Patterson and Marshall (1982},

is a variation of the integrating plate method described by Lin et

SO AT

al (1973) and the laser tiransmission t-=chnique of Rosen et al
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(1978). Essentially, the technique involves a measurement of the
intensity of laser light that is diffusely transmitted by a loaded
aerosol filter relative to that transmitted by a blank filter and
the <calculation of a turbidity § from these relative intensities.
The filter is backed with a plastic diffuser to produce diffusely
transmitted light whose angular distribution of intensity has a cos
o dependence, where o is the angle from the normal to the diffuser
surface. With this diffuser, the angular dependence of the trans-
mitted light is the same, whether the aerosol 1is present or not.
The measured intensity does not depend on the details of the forward
scattering by the aerosol sample, and the reduction in measured in-
tensity is due only to the light absorbed by the sample and to that
backscattered by the sample. The backscattered fraction of light,
then, must be much smaller than the absorbed fraction. For most
aerosols, the backscatter fraction is less than 10% of the total
scattering and this requirement will be met except in cases in which

the absorption is very low. This requirement is met for the highly

absorbing samples considered in this study.

In this DT method, the °a values are determined from the tur-
bidity § of the filter, the area of the filter and the air flow
through the filter during the sample collection. Ba values are de-
termined from the above data and the mass of material on the filter.
It has been shown that the response of these transmission methods
can be dependent on filter type and orientation (Patterson and Mar-

shall, 1982). Various studies (see for example Patterson and Mar-
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shall) have shown that the use of a Nuclepore filter with the aero-
sol sample oriented toward the incident laser beam will minimize any
enhancement due to filter effects. This study, then, has emphasized
measurements with samples collected onto Nuclepore filters.

The diffuse reflectance techniques make use of the fact that
the total diffuse reflectance of a powder surface is determined by
the absorption and scattering properties of the powder as well as
the thickness of the layer. For a layer that 1is thick enough so
that no light is transmitted, the Kubelka-Munk theory, which is a
two stream radiative transfer model, relates the reflectance to the

ratio of the absorption to the scattering. The Kubelka-Munk theory

has been shown to be an accurate description of the reflectance when
there is no specular component of the reflectance and when the
absorption is small relative to the scattering.

Two diffuse reflectance techniques were studied. In one, the
dilution method (DR), the acrosecl malerial is mixed with a highly
reflecting barium sulfate powder and the total diffuse reflectance

of the mixture is measured using an integrating sphere. The reflec-—

tance of the mixture is, in general, less than the reflectance of

Ny the pure barium sulfate. The dilution is great enough so that the
5;3 scattering properties of the mixture are the previously measured
-

Ei scattering properties of the barium sulfate, and so the decrease in
Eg reflectance due to the addition of the aerosol is attributed solely
;a: ) to aerosol]l absorption. The absorption of the aerosol can then be
&3 determined from the known corncentration of the aeroscl in the mix-
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ture and the absorption of the mixture with the application of an
appropriate mixing rule. The usual assumption is that volume aver-
age mixing rules apply. A more complete description is given in
Patterson et al (1977) and Patterson and Marshall (1982).

According to the Kubelka-Munk theory, for finely divided pow- .

ders, the DR technique provides a direct measure of the Ba for the

bulk material; k can be determined if the density of the aerosol

material is known. Under the assumptions of the Kubelka-Munk \
1

theory, the imaginary component of the refractive index is deter-

mined using Equation (6).

The other diffuse reflectance method studied is a filter re-
flectance (FR) method that was originally described by Lindberg and
Snyder{(1973). This reflectance method also wuses the Kubelka-Munk
formalism. In the FR method the reflectances of both a loaded
Nuclepore filter and a blank filter are measured with a dark and
with a white background. These four reflectance values are inter-
preted to determine the Kubelka-Munk scattering and absorption for
the aerosol, as well as the bulk absorption k and the imaginary com-
ponent of the refractive index n:.

The solution transmission measurements used dilutions of the
inks and dye in standard spectrometer cells. The absorption of the

material was inferred from the measured turbidities and the known

concentrations of the materials in the cells using standard proce-

F dures. It was expected that these materials should follow Beers
‘2 law, with the turbidity proportional to the concentration, for low
N
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concentrations; for higher concentrations, deviations from such lin-
earity allow the estimation of the effects of scattering. For low
concentrations, the absorbing materials followed Beers law, as ex-
pected. In one of the cases, that of the Mars ink, deviations from
linearity were used to infer a contribution of scattering to the
turbidity.

The DT and the FR measurements used the aerosols generated by
the generation system. The DR measurements were made using an evap-
orative residue for the bulk material. For dilute material in which
there is a specific residual particle size such as the Mars ink,
this should cause no problems. For the other inks and dyes, this
difference in technique must be considered in the analysis of the

comparisons.

ABSORPTION RESULTS AND COMPARISONS

Comparisons of absorption methodologies were made for the DR,

the FR, and the DT techniques for the laboratory generated materials

as well as for the additional materials considered. As discussed
above, an emphasis was placed on the Mars ink measurements as an
analog for atmospheric soot. The Mars ink carbon black suspension,

the other laboratory aerosols, and the additional materials are dis-

cussed separately below.

15
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&;F: Absorption of a Carbon Black Suspension (Mars Ink)

;l Several series of measurements were made using the Mars ink
é%? carbon black suspension. Aqueous transmission measurements were
:Y; made using a 1.0 cm path length cell with different dilutions of the
;:?‘ Mars ink. Turbidity values were calculated from the data; a set of
;.: these turbidity values vs mass concentration of the solid ink mater-
;}4 ial is shown in Fig. 3.

A0

. Since the data are for transmission through an aqueous suspen-
i& sion of the particles, the extinction is due to both scattering and
‘géz absorption. As a result the plot of turbidity vs mass concentration
is not a straight line at the higher turbidities and there are de-
'?i% viations from Beers law. The deviations from Beer’s law for the
i;ig different ink dilutions were used to infer in an approximate way the
-

. relative importance of scattering in producing the extinction.
'E% This was done by calculating the best fit line of turbidity vs mass
::iz concentration for the low concentration data that is shown in Fig. 3
Poh
. ) and considering that this would be the expected turbidity in the
.§§ absence of multiple scattering. A radiative transfer routine was
ﬁé§( used to calculate the expected transmission for differing values of
;f‘ w, the ratio of the scattering to the extinction, for expected tur-
E§§ bidity values of 3 and 4. The inferred w was that which best repro-
‘ig duced the observed transmission values. Using this procedure, we
gﬁg inferred an w of 0.15, which is in general agreement with the data
33' of Hogan (19B4,, who also inferred that scattering was only a small
:ii portion of the extinction of the aqueous suspension.
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Use of this value of w, together with the extinction values
inferred from the low concentration transmission data and the data
on the mass concentration in the suspension, allows us to determine
a value of Ba of 3.5 mz/g at 2=633 nm for the aqueous suspension of
the solid material. Following the discussion in Bohren and Huffman
(1983), this measured value of Ba for the aqueous suspension will
not be the Ba value expected for an aerosol suspension. If a value
of 1.7 is assumed for the real component of the refractive index in
air, then the aqueous data imply a Ba value of 2.6 mz/g for the par-
ticles as an air suspension.

It should be pointed out that this difference in absorption
will affect measurements such as those of Heintzenberg (1982) in
which the absorption of a liquid suspension is measured. His re-
ported value of 9.68 mz/g for Ba for an aqrecous suspension will
actually correspond to a somewhat lower aerosol value.

A plot of § determined using the diffuse transmission technique
for » = 633 nm is shown in Fig. 4. Attempts to fit the total data
set to a single regression line resulted in a y-intercept value that
was significantly greater than 0, indicating some inconsistencies in
the data. Use of the low concentration turbidity dat« only did re-
sult in a y-intercept that did not differ significantly from 0 and

so this low turbidity, low concentration data was used in the subse-

2]
quent analysis. The filter area is 14 cm“ and the low mass loading
f)
data imply a Ba of 2.4 m“/g.

Measurements of Ba were made using the DR and the FR methods.
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The DR method,which involved the dilution of the sample, resulted in
a value of Ba of 3.0 at 633 nm. For these highly absorbing parti-
cles, however, great care had to be taken to insure that the parti-
cles were not aggregated into much larger particles for which the
effective Ba would be lower than the Ba for the separate particles;
for those cases in which such care was not taken, the measured val-
ues were lower than our reported values by factors of 2 to 3. The
FR method, by comparison, produced results that were somewhat lower
than the other measured values by approximately a factor of 2.

An overall comparison of the results from the aqueous trans-
mission measurements, the DR measurements, and the DT measurements
is shown in Fig. 5. It is apparent that there 1is a substantial
agreement among these three methods at the 633 nm wavelength as well
as at the other wavelengths measured. Since the aqueous transmis-
sion measurements provide a direct measure of the absorption, the
agreement between the corrected values determined from the aqueous
measurements and the DT and DR measurements indicates that there
are no substantial systematic errors in these aerosol measurements.
There do appear to be some systematic errors in the FR measurements.
These errors may be related to the high absorption of the samples,
since the Kubelka-Munk theory will not produce as accurate results
for high absorption powders as for low absorption powders (Kortum,
1969, .

Measured Ba values have been used to calculate nz values at

633 nm for each of the measurements shown in Fig. 5. n2 for the DR

18
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data was calculated using Eq (6). n2 for the two other measurements
was determined from Mie calculations of absorption for the size dis-
tribution of the Mars ink using a range of nz values appropriate to
both air and water. The n2 value that reproduced the measured Ba
values was considered to be the best value. We would add the cav-
eat that the actual sizes on the filters are somewhat larger than
indicated due to agglomeration and that the actual value of nz for
the Mars DT data will be somewhat less than indicated.

The results of these calculations are shown in Table 1. It is
apparent that there is a substantial agreement in the nz values as
shown in the Table. The values for nz that would be calculated with

the use of Eq (10) are also shown for comparison.

Nigrosine Dye Measurements

Nigrosine absorption was determined for an aqueous solution of
the dye and for an aerosol consisting of the dry nigrosine material
formed by the evaporation of the droplets produced by the aerosol
generation system. Nigrosine absorption data are shown in Figs. 6
(aqueous solution data) and 7 (aerosol data). The aqueous data were
determined by standard solution techniques with a 19 cm cell; the
aerosol data were determined by the DT technique. These solution
data were consistent with the manufacturer’s specifications for
absorption. Since the nigrosine dye forms an aqueous solution
rather than a suspension, the effects attributed to discrete

particles were not observed in the aqueous data.

19

= . o TR R WYY R YR T T LacAkc 2o - caR ool el oog LoR o
T TR R R NG W

A K. um % o= oM .

e

]
]
!
]




-
. X ¥
.

P
B

»
£
L)

i el el
L}
N

s /.ll.'_'

- i

> -
x‘l‘l‘nll
LN
s % e e

X
.
.

.
CRN ¢

.

0

PR
LI T W |

.,

W N
hp et
L

L&y

i

']

L%
AT

RF 2%
. ! ol

v
a

.u ‘l- “ ‘l .l .
"' ."l.{-.f(.' e

an

A “ N
¢ A0

'!
.I .
.

L
3, 4,

@4

»~

The plot of turbidity vs mass concentration for the nigrosine
shows no deviations from linearity that indicate a significant con-
tribution of scattering to the extinction; consequently no adjust-
ments to the aqueous data to take account of scatter were made. The
data imply a Ba of 3.6m2/g at 633 nm for the Nigrosine in an aqueous
solution. The diffuse transmission measurements, made with the
Nigrosine in solid aerosol form, imply a Ba of 3.7 mz/g. The
differences in these values represent a difference of less than 5§ %.
The wuncertainties in each of the values of Ba are estimated to be
approximately 10 to 15 %, and so the values are considered to be 1in
excellent agreement.

Measurements made with the DR technique for the nigrosine,
however, showed a Ba value of 0.9 m2/g at 633 nm, a value signifi-
cantly lower than the DT and the aqueous solution value. The rea-
sons for these differences are not known at this time. FR
measurements were not made for the nigrosine

The Ba values at 633 nm were used to calculate nz values for
the nigrosine. The aqueous transmission data results in a value of
0.25 for nz2; by comparison, a value of nz of 0.20 was inferred from
in situ polar scattering data (A. Coletti, private communication).

Flo-Master Ink Measurements

Flow master ink, unlike the Mars ink consists entirely of ma-

terial that is soluble in organic solvents. Like the nigrosine dye

the ink forms a true solution. Flo-Master comparisons were made for

DT, DR, and FR measurements. The solution measurements exhibited a
20
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somewhat different wavelength dependence than the diffuse reflec-
tance measurements, possibly due to differences between the Flo-
Master ink as a solution or as solid aerosol particles. Ba values at
633 nm were determined to be 2.7 mz/g for the DT data (with Nucle-
pore filters as substrates), 1.4 ng for the DR data, and 0.6 ng
for the FR data. In this case as in the other cases investigated,
use of the FR technique results in significantly lower Ba values
than those measured by the other techniques. {

Measurements with this ink were made to investigate the effect ‘
of varying filter media on diffuse transmission measurements. Re-
sults for the Nuclepore filter and the 0.45 pym Millipore filter arc
shown in Fig. 7 and Fig. 8. In addition, similar sets of measure-
ments made with a 1.2 uym pore size Millipore filter and with fiber-
glass filters were quite similar to the data stown in Fig.8. No
enhancement of response was seen for any of these filters. These
data, unlike previous data reported for soot aerosol, suggest little
differences among the substrates. In particular, the differences in
pore size for the two Millipore filters appeared to have no signifi-

cant effect on the calculated values. Reasons for these inconsis-

tencies between the data sets are not known at this time. The dif-
ferences may, however, be related to differing penetration depths

into the filters for the different materials.
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Additional Comparisons

A further comparison of diffuse transmission and diffuse
reflectance techniques for a sooty smoke emission from burning
forest fuels 1is shown in Fig 2. In this figure, the solid line
with ¢circles and the solid line with triangles represent Ba values
determined for two components{(one soluble in methylene chloride and
the other non soluble 1n methylene chloride) of the smoke emissions
from flaming combustion: these measurements were made using a combi-
nation of DR and solution transmission techniques. The dashed line
represents a weighted average of the two components. The x repre-
sents a DT measurement of specific absorption in the flaming com-
bustion aerosol. The DT data should lie on the weighted average

line; the actual agreement i1s quite good. In this case, as in the

others, the consistency in the different methodologies is excellent.

An additional comparison with volcanic ash alsoc showed a con-
sistency between the DT and the DR techniques. The comparison (for
nz values'! was made with an ash sample from E1 Chichon volcano. The

n: values determined for these samples were ~0.0026 for the diffuse

transmission technique and ~0.0033 for those measured by diffuse

reflectance, numbers that are in agreement within about 25%. There

LT Tl am Bt s,

-

are sample heterogeneities which add an uncertainty in these ash

measurements due to sample variability. The uncertainty in these

LA

r . .
3 data 1s estimated t¢ be approximately 20 %, so that there 1s
-
o . .
¢ agreement within the uncertainties of the measurements .
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SUMMARY AND CONCLUSIONS

Several sets of absorption measurements that include compari -
sons between different techniques for measuring submicron aerosol
absorption have been made. These measurements have shown that there
is a great deal of consistency among the different techniques when
applied to well documented aerosols and that it is possible to pro-
vide some definite calibrations of the aerosol measurements in terms
of aqueous transmission measurements. The measurements indicate
(with the exception of the FR method) that there are no significant
systematic errors in the data that are due to differences in tech:

niques as applied in this study. Some specific conclusions follow:

1. It has been shown that the Mars ink is a wuseful analog of
atmospheric soot for absorption measurements and that it can

serve as a reproducible, stable aerosol for measurement.

2. The differences in measured Ba values between aqueous and
aerosol suspensions have been shown to be important in compar-
isons of different measurement techniques. Absorption values
inferred in an aqueous suspension should be corrected to their

values in air before use in aerosol studies.

3. It has been shown that, for our reference Mars ink carbon par-
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ticles, the diffuse transmission measurements and the diffuse
reflectance measurements using the dilution technique give the
Ba value that 1is expected based on appropriately adjusted
direct transmission measurements of the aqueous suspension.
This provides a calibration of the diffuse transmission and
diffuse reflectance methods in terms of more fundamental mea-

surements.

4. It has been demonstrated that the filter reflectance method
systematically underestimates the Ba values of the highly
absorbing samples. For the dilution method care must be taken

to insure a uniform dilution for the sample.

5. Since the diffuse reflectance technique with dilution gives the
expected results, the data indicate that the simple volume mix-
ing rule used to calculate absorption for this method is ade-

quate and that the use of Eq (5) is appropriate.
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nz for Mars Ink at 633 nm _’{;
g
< "‘ki
Experimental Ba nz
n
Procedure (m“/g) Best Fit Eq (86) t Eqg (10)
Estimate
Diffuse Transmission 2.4 .32 .34
Diffuse Reflectance 3.0 .27
Aqueous Suspension 2.6 .25 29
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Fig. 3. Mcasurements of the turbidity of a Mars ink aqueous suspension
plotted against mass concentration in a 1 cm path length
optical cell.
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Fig. 4. Measurements of the turbidity of a Mars ink aerosol plotted
against mass concentration on a 14 cm? Nuclepore filter.
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techniques is excellent, both in the absolute values and in the
wavelength dependence.
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Measurements of the absorption properties of smoke emissions
from flaming combustion. The solid line with circles (-o0--0-)
represents the wavelength dependent B_ measured for the non-
soluble component determined by diffufe reflectance. The lower
solid line with triangles(-A--A-) represents the B messured
for the soluble component by solution transmission. he dashed
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the B. expected for a pure graphitic carbon aerosol.
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